The membrane lipids of free living and bacteroid forms of Bradyrhizobium japonicum, obtained from nodules occupied by both typed and untyped bacteria, were isolated and characterized by a combination of NMR spectroscopy, mass spectrometry, and other chemical and physical methods. These studies indicated that both the free living and bacteroid forms of this organism contain glycolipids almost exclusively of the type found in plant cells. In the bacteroid forms, there was a dramatic shift towards the synthesis of digalactosyl diacylglycerol as the major lipid. This glycolipid has rarely been found outside of the plant kingdom and photosynthetic bacteria, and its occurrence in the bacteroid form of a plant symbiont is therefore remarkable. The presence of plant cell and organelle contaminants in the bacteroid preparations was ruled out by scanning electron microscopy, Southern blot analyses for plant DNA using specific gene probes, and chemical analyses for plant marker steroids, steroid glycosides, and cerebrosides. Digalactosyl diacylglycerol is not found in the plasma membrane of plant cells (of which the peribacteroid membrane is an extension) but is thought to be restricted to plastids. This result follows our earlier finding that the other predominant plant glycolipid, sulfoquinivosyl diacylglycerol, is a membrane component of fast growing Rhizobia and is found even when cells are cultivated in free culture where there is no question of plant contamination. The near absence of these lipids in the membranes of bacteria outside of this special group of organisms and photosynthetic bacteria suggests that the trait could have been passed on through gene transfer from plants to the bacteria at some point during the development of their symbiotic relationship. In the case of digalactosyl diacylglycerol, there is also the possibility that some common biosynthetic intermediates are used by both the plant and the bacteria. This is a striking parallel with some host-pathogen interactions.
Introduction
The chemistry of bacterial cell surfaces is critical to the physiology and hence the adaptability of these organisms. When adaptation involves a close symbiotic relationship with another organism, the relative chemistry of the surfaces of the two species becomes a major issue. Among the biological systems in which two vastly different species become involved in a symbiotic relationship that benefits both partners, none (perhaps) has received as much attention as the Rhizobium-legume symbiosis. This system is one in which bacterial capsular polysaccharides and lipopolysaccharides have been studied and models in which they play key roles in various events in symbiosis have been proposed (Maier and Brill, 1978; Abe et al., 1984; Carlson et al, 1989; Cava et al, 1989; PhilipHollingsworth et al, 1989a,b; Zhang et al., 1992; Leigh and Walker, 1994) . Membrane chemistry is very closely tied to surface chemistry. This is because many of the predominant cellular surface antigens of both eucaryotes and procaryotes cells are, in fact, often structural components of the membrane. For instance, lipopolysaccharides which contain the O-somatic antigen are actually integral bacterial outer membrane components. It is, therefore, not surprising that impairment of lipopolysaccharide structure can affect the ability of the bacterium to properly infect and establish a successful symbiosis with its host
In an earlier study (Cedergren and Hollingsworth, 1994) we demonstrated that the membranes of members of the family Rhizobiaceae contained sulfoquinovosyl diacylglycerol (J_), a glycolipid that was thought to occur almost exclusively in membranes of plant plastids and photosynthetic bacteria although its presence has been demonstrated in a few other bacteria] species (Kates, 1990) . This unusual occurrence prompted questions about the developmental and evolutionary relationship between Rhizobium and plants. Since the membrane is a critical structural feature that determines the ability of an organism to occupy a particular ecological niche, it is not very surprising that two organisms whose survival revolves around shared ecological pressures of temperature, pH, and water and nutrient availability, and whose development and metabolism must be synchronized during the symbiotic period, have common membrane components. Sulfoquinovosyl diacylglycerol is not the only common component between the membrane lipids of Rhizobium and legumes. One of the predominant rhizobial membrane lipids is phosphatidyl choline, a lipid that is not common in bacteria but typically occurs in plant cells (Goldfine and Ellis, 1964) .
In earlier studies, we examined vegetative, free-living organisms. It was therefore important to examine in situ bacteroid forms of Rhizobium to see whether they contained predominantly large amounts of sulfoquinovosyl diacylglycerol, digalactosyl diacyl glycerol (2) or any of the common plant glycolipids. Bacteroids are the in planta nitrogen-fixing form of Rhizobium. For this study, we chose to investigate the Bradyrhizobium/soya bean system since we had detected small, but measurable, quantities of sulfoquinovosyl diacylglycerol in the membranes of this species and could, therefore, readily determine whether substantially higher levels were present in their bacteroids. Soya bean nodules of two types, one inoculated with a known typed strain (USDA 110) and the Y.Tang and R-LHollingsworth t^A HO-^^TH! other one infected by some untyped indigenous strain from the soil, were used. Soya bean nodules were used because of their large size, which would ensure a high yield of bacteroids to allow fairly rigorous chemical characterization.
Results and discussion
The method used for the isolation of bacteroids from plant nodules has been widely used and is known to result in negligible contamination by plant material (Brussel et al., 1977) . This is true because plant organelles cannot be pelleted with the bacteroids at the centrifugation speeds used, especially in a medium with the buoyancy of sucrose solution. Prior filtration removes plant debris and any associated plant-derived lipids. Several experiments aimed at addressing whether trace levels of plant contaminants were present were conducted even though gross contamination could not have led to the levels of glycolipids in the bacteroids. Scanning electron microscopy examination of the bacteroid suspension was an attractive proposition because of the large differences in the morphologies and sizes of bacteria and bacteroids on one hand and plant cells and organelles on the other. Plant cells and organelles are much larger than bacteroids and vegetative rhizobial cells. The latter cells are readily recognized by their characteristic cigar shapes. These may be spherical at certain stages of bacteroid development. SEM micrographs (Figure 1 ) of bacteroids isolated from soybean nodules in this study showed that there were two cell types, one rod shaped and the other, though of comparable size, spherical. The cell morphologies observed in the SEM were identical to those in published literature (Ching et al, 1977) . There was no contamination by plant cells. Southern hybridization using probes for chloroplast marker genes were performed to look for the presence of plant root plastids. In these experiments DNA from soybean leaves, soybean roots and bacteroids of B.japonicum USD A 110 were loaded on to electrophoresis gels. The DNA isolated from both soybean roots and leaves gave positive signals with chloroplast pet A gene probe ( Figure 2A, lanes 1, 2) . In contrast, no signal was detected in the DNA isolated from USD A 110 bacteroids (Figure 2A, lane 3) . When DNA samples were hybridized with the probe for the rhizobial nif gene, only the DNA from bacteroids gave a positive response ( Figure 2B , lane 3). Since the pet A gene is highly conserved in different plastids (including chloroplasts) among various plant species, the conclusion could be made that no plant contaminants were present.
To exclude the possibility that the bacteroids were contaminated with plant lipid vesicles, a proton NMR spectrum of the lipids was compared to one of an extract of the supernatant (data not shown). Several signals between 6 and 8 ppm (attributable to vinyl protons) in the spectra of the bacteroid lipid extracts were absent from the other spectrum as were signals between 2.8 and 5 ppm, assignable to the lipid head groups. A doublet at 4.1 ppm and another at 5.4 ppm and signals between 3 and 4 ppm in the second spectrum were absent from the first. These results conclusively ruled out the presence of the contaminating plant lipids.
The glycosyl components of the lipids of bacteroid samples were identified by GC/MS after converting them to alditol acetate derivatives as described before (Abe et al, 1984) . Glycerol and galactose were the primary components of these lipid preparations (Figure 3 ). Gas chromatography of the alditol acetate derivatives from chloroform extracts of plant debris and the supernatant showed no evidence for glycoh'pids in the former and only glucose in the latter. This demonstrated that the galactose in the bacteroid sample did not come from these (data not shown). Gas chromatography of fatty acid methyl ester derivatives from the same three samples also supported this conclusion (not shown). The chromatogram of the bacteroids sample indicated the presence of only fatty acid methyl esters. There were no peaks for any of the long retention time components (presumably steroids and sphingosine component of glycosyl ceramides) that the chromatograms from the debris and supernatant contained.
The bacteroid total lipid extracts were analyzed by fast atom bombardment mass spectrometry (FAB-MS). The spectra of the lipids from the USDA110 bacteroids ( Figure 4A ) and untyped bacteroids ( Figure 4B ) contained quite intense signals clustered at m/z 941 and 947, respectively. These masses are uncharacteristic of any phospholipids but corresponded to di- glycosyl diacylglycerols containing two octadecanoyl chains in the case of the 947 ion and a similar lipid but with a total of three double bonds between the two fatty acids in the case of the 941 ion. Since galactose was essentially the only significant hexose component of these lipid preparations, it followed that such a glycolipid would have to be a digalactosyl diacylglycerol. Signals for phospholipids were completely suppressed in the spectra of the untyped bacteroid lipids but could be observed in those from the USDA 110 bacteroid lipids. Signals for sulfoquinovosyl diacylglycerol were not very prevalent in the positive ion FAB spectra but were major ions in negative ion spectra when triethanolamine was used as the matrix (Figure 4C ). Previous studies (Bunn and Elkan, 1970; Miller et al., 1990) demonstrated that the predominant membrane phospholipids of free-living Bradyrhizobium japonicum were PC, PE, and PG. TLC analysis of the total lipid extracts from two bacteroids (untyped and USDA 110) and the vegetative, free living bacteria showed that there were major compositional differences among the three extracts ( Figure 5 ). Spots corresponding to PC, PE, and PG are observed in all three extracts. The striking difference between the two bacteroid extracts and free-living bacterial extract was the presence of a very slow migrating component in the extracts from the bacteroids. The R f values were very similar to that of a commercial standard of DGDG (2). There was considerable streaking indicating a fair degree of heterogeneity in the fatty acid chains. This was also noticed for the commercial standard. In both bacteroids extracts, there was a fast moving component (which also appeared as a streak in USDA110 bacteroid extracts) which was identified as poly 3-hydroxybutyric acid by NMR spectroscopy. The slow moving component on TLC of the untyped bacteroid sample was isolated using both preparative silica gel TLC and reverse phase adsorption chromatography employing a step gradient. The FAB mass spectra of the isolated component contained the cluster of signals at m/z 947 which was assigned to diglycosyl diacyl glycerol. Compositional analysis confirmed the presence of glycerol and galactose as the sole polar components. The linkage of the two galactosyl residues in the galactose containing glycolipids was determined by methylation analysis according to published procedures (Pazur, 1986) . This analysis clearly indicated the presence of one nonreducing terminal and one 6-linked galactose residue. This is the usual linkage of galactose in plant-derived digalactosyl diacylglycerols. To confirm the anomericity (a vs. p) of the glycosyl linkages and the site of acylation, a proton NMR spectrum (Figure 6 ) of the isolated digalactosyl diacyl glycerol from strain 110 was obtained. One signal, a doublet at 4.80 ppm with J -2 Hz, was assignable to an a anomeric proton. Another doublet at 4.11ppm with J = 8 Hz was assignable to the P anomeric proton. These were in reasonable agreement with the positions for these signals in a standard spectrum of digalactosyl diacyl glycerol in which the a proton signal was at 4.85 and the p proton signal was at 4.23 ppm. The fatty acid compositions of the standard and the isolated sample are very different with the former being rich in C18:3 fatty acids. This might give rise to slightly different conformations of the head group and to slightly different chemical shifts of the anomeric protons. This result, however supportive of the notion, is not a definitive proof of which galactose unit has the a configuration and which has the p. Such a study would necessitate degradative (chemical) or NMR spectroscopy n.O.e studies. These were precluded because of the very limited amount of material that can be isolated and the very small amounts that remain after purification. The information we can extract from the data and TLC comparisons with a standard, however, strongly indicate that the configurations are the same as that found in the typical plant glycolipids.
Since all of the lipids present in the membrane of Bradyrhizobium contain one molecule of glycerol (except for phosphatidyl glycerol which has two) it was possible to make an estimate of the proportion of digalactosyl diacylglycerol that was present from the relative amounts of galactose and glycerol (Figure 4 ). This comparison gave a result of 25-30% digalactosyl diacylglycerol. This is a minimum value. The actual value should be even higher since phosphatidyl glycerol contains two molecules of glycerol.
A dramatic change in chemistry in the transition from vegetative cells to bacteroid forms has been suggested in several chemical and immunochemical studies. In one study, attempts to isolate lipopolysaccharides from the bacteroid forms of cells were unsuccessful, indications being that only low molecular weight glycolipids were present (Bolobova and Andreev, 1985) . Several groups have now defined antigenic changes in rhizobial cell surface chemistry concurrent with the transformation to bacteroid forms (Kannenberg and Brewin, 1989; VandenBosch et al, 1989; Wood et al, 1989; Sindhu et al, 1990; Bhat and Carlson, 1992; Tao et al, 1992) . The finding that sulfoquinovosyl diacylglycerol and digalactosyl diacyl glycerol become major membrane components in bacteroid forms of Bradyrhizobium (and probably other rhizobia) is very consistent with the apparently seamless interfacing of plant and bacterial physiology during the Rhizobium-legumz symbiosis. Important questions now arise as to how critical to symbiosis is the ability of Rhizobium to synthesize these glycolipids. Questions also arise as to the degree of coupling (common pathways) between the biosynthetic routes for these molecules and other bacterial carbohydrate-containing molecules such as the extracellular polysaccharides (EPS) and the lipopolysaccharides (LPS). It should be pointed out that, barring gene redundancy, mutants such as an R.meliloti exo B mutant (Long et al, 1988) and some Rhizobium LPS mutants (Cava et al, 1989; Zhang et al., 1992) which appear to be impaired in synthesizing galactose, should also be defective in synthesizing digalactosyl diacylglycerols. Which then is the critical deficiency, the impairment of polysaccharide synthesis or of digalactosyl diacyl glycerol synthesis?
Digalactosyl diacylglycerol and SQDG are characteristic plastid lipids (Joyard and Douce, 1987) . Plastids, according to endosymbiotic theory, are originated from a symbiotic photosynthetic bacterium. Rhizobium has similar membrane chemistry to plant organelles and might actually be a (usually extracellular) nitrogen-fixing counterpart to the carbon dioxidefixing chloroplast. The lipid composition of bacteroids might be a necessary prerequisite for reaching or maintaining a symbiotic state without triggering plant defense responses. These findings might also explain why some rhizobial symbiotic mutants which are impaired in LPS or EPS biosynthesis (and then maybe also DGDG or SQDG) are incapable of being released into nodules to become bacteroids.
The results of this study are also directly relevant to certain evolutionary questions. There has been much debate on whether horizontal (lateral) gene transfer occurs between distinctly different organisms (Amabile-cuevas and Chicurel, 1993; Kidwell, 1993; Smith et al., 1992) . Rhizobium is a case in point since it was discovered that the sequence of one of the glutamine synthase genes of Bradyrhizobium japonicum was consistent with it being transferred directly from the plant to the bacterium at some stage during their codevelopment (Carlson and Chelm, 1986) . This possibility has been discussed from several perspectives but the case for gene acquisition by horizontal gene transfer, is still quite strong (Tao et al., 1992) . The ability of Rhizobium to somehow synthesize the plant lipids described here would seem to represent another very strong case for invoking horizontal gene transfer. This should not be too surprising considering how ecologically and developmentally close the two organisms in question are.
There is one other hypothesis that can be advanced to explain the presence of DGDG in bacteroid membranes. One can invoke parallels with well studied host-pathogen systems in which there is direct transfer of lipids from the host to the pathogen or parasite. This phenomenon has been demonstrated in several host-pathogen (parasite) systems such as ratHymenolepis diminuta (Jacobsen and Fairbairn, 1967) , humanPlasmodium falciparum (Zidovetzki et al., 1994) , humanSchistosoma mansoni (Furlong et al, 1995) , and snakeSpirometra erinacei (Fukushima et al., 1988 ). In the case of H. diminuta, the abundant lipids of the adult parasite contain predominantly unsarurated fatty acids which were obtained from the host intestinal cells. In this case, the parasite has, apparently, lost its capacity for synthesizing these unsaturated fatty acids, transferring these lipids from its host is essential for the biochemical adaptations of the adult parasite to its anaerobic existence in the rat intestine. In the human-Plasmodium falciparum interaction (malarial infections), the invading pathogen is incapable of synthesizing its own fatty acids and cholesterol and relies on the host for these. This requires that phospholipase activities in the cell of the invading organism be capable of degrading the host cell erythrocyte membrane making the lipid components available. Another human parasite, S.erinacei, must undergo both morphological and biochemical changes to adapt to the host environment (cf. bacteroid formation in Rhizobium). Developmental stage-dependent utilization (uptake, processing, and incorporating) of host lipids by these parasites have been indicated to play a role in their evasion of host immunity and to be a requirement for their survival in the new environment. In this scenario the only troubling aspect is that digalactosyl diacylglycerol is not found in the plasma membrane of plant cells (of which the peribacteroid membrane is an extension) but is thought to be restricted to plastids. In view of the large proportion of digalactosyl diacylglycerol present (over 25% of total lipids), direct lipid transfer from the plant peribacteroid membrane to the bacteria is not very likely but cannot be ruled out. The acquisition of glycosyl transferases by the bacterium from the plant is unlikely since they would have to be transported into the bacterial cell to the inner membrane surfaces where the activated sugars and lipid carrier are.
column was used. The program used was: 100-180° C at 40°C/min and 180-220°C at 4°C/min with a 50 min hold at 22O°C.
Materials and methods

Cultures of free-living bacteria and preparations of bacteroids
Soya bean nodules were provided by Dr. Thomas Deits, Michigan State University. Rhizobium japonicum USDA 110 was grown at 30°C in B-HI broth medium and harvested as previously described (Dazzo, 1982) . The pellet was collected and used for membrane hpid extraction. Two different sets of soybean root nodules were used in the experiments. One was obtained by inoculating the host plant (soya bean) with free-living Bradyrhizobium japonicum USDA 110. Prior to inoculation, plants were grown in sterilized soil and were maintained under greenhouse conditions. The other set of nodules was obtained from field grown plants in which an indigenous, untyped rhizobium strain(s) resided. Nodules were crushed in 0.3 M sucrose at 4°C and the bacteroids were separated from plant debris by filtering through glass wool filter. The filtrate was centrifuged at 100 x g for 30 min. The supernatant was then centrifuged at 5000 x g for 1 h. The two pellets were examined separately by scanning electron microscopy, found to be the same, and therefore combined and used for DNA isolation and membrane hpid extraction. The plant debns and the final supernatant fraction were also used for lipid extraction.
Electron microscopy
Scanning electron microscopy (SEM) was performed on a JEOL JMS-35CF SEM instrument Samples were fixed at 4°C for 1-2 h in 4% glutaraldehyde and dehydrated in an ethanol series(25%, 50*, 75%, 95%, 100%). After this, samples were coated with gold (20 nm thickness) in an Emscope Sputter Coater model SC 500, purged with argon gas, and then examined by SEM.
Isolation of DNA, DNA electrophoresis, and Southern blot hybridization
Roots and leaves were excised from soya bean plants grown in the fields and treated separately. One gram of material was cut into small pieces and ground in liquid nitrogen. A pellet of B.japomcum USDA 110 bacteroids was also ground in liquid nitrogen. Three milliliters of cetyltrimethylammonium bromide buffer (pH 8.0, 20 g/ml) was added to each sample. The mixtures were incubated at 60°C for 1 h, cooled down to room temperature, extracted three times with equal volume of chloroform, and centrifuged at 85OOx g for 10 min. The final aqueous extractions were transferred to sterile plastic tubes, 5 M NaCl was added to each tube to achieve a final concentration of 2 M, and then 0.75 volume isopropanol was added to precipitate the DNA at -20°C for 2 h. The precipitated DNA was recovered by centrifugation at 6000 x g for 5 min, redissolved in water, precipitated again at -20°C in 3 M sodium acetate and two volumes of ethanol, washed with 70% ethanol, and resuspended in 500 u.1 triethanolamine buffer at pH 8.0. Comparable amount of DNA samples were loaded in 1% nondenaturing agarose gel. Electrophoresis was conducted, bands visualized (ethidium bromide), and DNA transferred to nitrocellulose membranes and hybridized to probes according to standard procedures (Sambrook et aL, 1089) . The DNA probes used were from clone pOj 116 containing the chloroplast pet A gene and from clone pRS2 containing the rhizobial nif genes. These were obtained from Dr. Barb Sears and Dr. Frans De Bruijn, respectively.
Lipid extraction and thin layer chromaXography
Standard phosphatidylserine (PS), phosphatidylcholine (PC), and digalactosyl diacyl glycerol (DGDG) were purchased from Sigma Chemical Co. (St Louis, MO). Standard phosphatidyl glycerol (PG) was purchased from Avanti Polar Lipids (Alabaster, AL). Lipids were extracted and analyzed by TLC on silica plates using a mixture of chloroform, acetone, methanol, acetic acid, and water in the ratio of 10:4:2:1:1 and the components located as previously described (Cedergren and Hollingsworth, 1994) .
Gas chromalography and mass spectrometry
Fast atom bombardment mass spectrometry (FAB-MS) and gas chromatography / mass spectrometry (GC-MS) were performed and recorded as previously described (Cedergren and Hollingsworth, 1994) except that, for FAB-MS, glycerol was used as the matrix and the ionization voltage was 10 kV. Gas chromatographic separations for fatty acids were accomplished on a 30 m DB1 capillary column (J and W Scientific, Folsom, CA). The program used was: 100-150-C at 25°C/min and 150-300°C at 3°C/min with a 10 min hold at 300°C. For the separation of alditol acetate derivatives, a J and W DB 225
Nuclear magnetic resonance spectroscopy (NMR)
Proton NMR analyses were performed on a Varian VXR-500 spectrometer (500 MHz for protons) at 25°C in deuterated chloroform or perdeuterated methanol. Chemical shifts are referenced relative to the residual chloroform line at 7.24 ppm or the residual methanol line at 3.30 ppm.
Chemical characterization of lipids
Fatty acids from lipids of bacteroid, plant debris, and supernatant were obtained as methyl esters as previously described (Cedergren and Hollingsworth, 1994) except that the methanolysate was partitioned between 2 ml of chloroform and 1 ml of water. The lower chloroform layer was recovered and subjected to GC and GC/MS. The glycosyl components of the lipids of these three samples were identified with GC/MS after converting them to alditol acetate derivatives as described previously (Abe et aL, 1984) .
Methylation analysis
The linkage pattern within the carbohydrate moieties of the lipids was determined by methylation analysis (Pazur, 1986) with some modifications. A sample of the total lipid extract (-100 u.g) was treated with 100 uJ of a 0.2 M solution of sodium methylsulfinyl ion at room temperature for 12 h. Iodomethane (100 u.1) was then added and the mixture stirred for another 12 h and then diluted with 2 ml of water and extracted with 3 ml of chloroform. The chloroform layer was recovered and the contents of the aqueous layer adsorbed onto a short C-18 reverse phase cartridge attached to a syringe. The cartridge was washed with water (2 ml), and the adsorbed material was then released by eluting with methanol (5 ml). The methanol wash was combined with the first chloroform extract and the solvent removed under a stream of nitrogen. The residue was hydrolyzed by treatment with 2 M trifluoroacetic acid for 3 h at 100°C. The glycosyl components tiius released were then reduced with sodium borohydride and the alditols so formed converted to peracetates as described earlier (Abe et al., 1984) . The methylated, acetylated products were analyzed by GC and GC/MS.
